1. Introduction {#sec1}
===============

Most cutaneous nerves are distributed to the skin and mainly transmit sensation, while some cutaneous nerves reach the arteries. The nerves reaching the arteries are called vascular branches (VBs), vascular nerves, or arterial branches \[[@B1]--[@B5]\]. Balogh et al. reported that sympathetic fibers are present in the VBs of the palmar cutaneous branch of the ulnar nerve \[[@B5]\], suggesting that VBs contribute to arterial constriction.

We previously reported that the distribution areas of the VBs of the superficial branch of the radial nerve were more limited than those of the cutaneous nerves of the forearm and hand. The distribution area is located at a depression between the base of the first and second metacarpal bones on the dorsum of the hand, i.e., at the acupuncture point LI4 \[[@B6], [@B7]\]. By contrast, the acupuncture point LR3 (Taichong) is close to the dorsal pedis artery (DPA) and located between the first and second metatarsal bones in the depression distal to the junction of the bases of the two bones on the dorsum of the foot \[[@B8]\] and in the area innervated by the medial branch of the deep peroneal nerve (MBDPN) ([Figure 1](#fig1){ref-type="fig"}).

Therefore, we hypothesized that the VBs of the MBDPN reach the DPA and that the distribution areas of the VBs are limited to the acupuncture point LR3, which is a source point. The aim of this study was to investigate the anatomical and histological relationship between VBs of the MBDPN and LR3.

2. Materials and Methods {#sec2}
========================

2.1. Subjects {#sec2.1}
-------------

We examined 20 human cadavers (9 men and 11 women), of which 18 were donated to Tokai University School of Medicine in 2018 and the rest were donated to Aichi Medical University School of Medicine in 2019. Before their passing, the donors gave their informed consent to donate their bodies for clinical research. The format of the document is in accordance with the Japanese law, "Act on Body Donation for Medical and Dental Education". The Ethics Committee in Tokai University School of Medicine (approval number: 18R-015) and Aichi Medical University School of Medicine (approval number: 2019-121) approved this study. Cadavers with vascular grafts or fixed flexion in the hands and forearms were excluded because we could not confirm the accurate pathway and distribution of the VBs. The distribution areas of the VBs of the MBDPN were examined in all 40 cadaver feet. The mean age of the cadavers was 86.6 ± 9.0 years (range, 63--102 years; men, 86.2 ± 7.5 years; women, 86.8 ± 10.4 years). All cadavers were embalmed using 10% formaldehyde solution.

2.2. Anatomical Observation {#sec2.2}
---------------------------

After the extensor hallucis brevis and tendon of the extensor hallucis longus muscle were reversed, the MBDPN was identified and followed distally to identify the point where the VBs reached the DPA. LR3 was identified at a depression between the base of the first and second metatarsal bones on the dorsum of the foot. The distance between the point where the VBs reached the DPA and LR3 was measured.

All these measurements were performed three times using digital calipers and were measured to the nearest 0.1 mm. The lengths and diameters of the VBs were also measured.

2.3. Hematoxylin and Eosin Staining and Tyrosine Hydroxylase Immunostaining {#sec2.3}
---------------------------------------------------------------------------

After the anatomical observation, the tissue samples near the point where the VBs reached the DPA were stained with hematoxylin and eosin (HE) and immunostained with tyrosine hydroxylase (TH).

VBs that reached the DPA were obtained from dissected human cadaver feet. The collected samples were fixed in 10% neutral buffered formalin (4% formaldehyde in phosphate-buffered saline (PBS) solution) and processed as per the standard protocol. Paraffin embedding of the collected samples was performed after dehydrating the fixed tissue in ascending grades of alcohol solution. Xylene, which is miscible in both alcohol and paraffin, was used to remove the alcohol. The blocks were made using melted paraffin that was allowed to cool. Once hardened, they were cut to an appropriate size. The tissue samples were sectioned using a rotary microtome. Every 5th section (3-*μ*m) was obtained and subjected to HE staining and TH immunostaining, and 45-*μ*m lengths of VBs were observed along the blood vessel. TH immunostaining was used to detect sympathetic fibers \[[@B5]\].

In the HE staining, the samples were immersed in xylene and alcohol, stained with hematoxylin for 15 min, stained with eosin for 1 min, and then reimmersed in alcohol and xylene.

In the TH immunostaining, the samples were immersed in xylene and alcohol and placed in a fresh 0.3% hydrogen peroxide solution in methanol for 15 min at room temperature (range, 24°C--26°C) to block endogenous peroxidase activity. After a brief rinse in 10% PBS, the samples were placed in a blocking solution (PBS containing 5% normal goat serum) for 10 min at room temperature and incubated at 4°C overnight with rabbit polyclonal anti-TH antibody (1 : 200; AB152, Santa Millipore). After a second brief rinse in 10% PBS, the samples were placed in the blocking solution for 5 min at room temperature and incubated for 40 min at room temperature with a goat anti-rabbit IgG antibody (Number 424141, Nichirei Biosciences Inc.). After a third brief rinse in 10% PBS, the samples were placed in a diaminobenzidine (DAB) solution containing hydrogen peroxide, Tris HCl, and sodium azide for 2 min at room temperature, stained with hematoxylin for 5 min, and then immersed in alcohol and xylene.

The slides were mounted using a synthetic resin. Areas along the blood vessels were observed and photographed with an Olympus BX63 automated microscope (Olympus, Tokyo, Japan), PlanApoN × 2/0.08 objective lens (Olympus, Tokyo, Japan), UPlanSApo × 4/0.16 objective lens (Olympus, Tokyo, Japan), UPlanSApo × 10/0.40 objective lens (Olympus, Tokyo, Japan), UPlanSApo × 20/0.75 objective lens (Olympus, Tokyo, Japan), and Olympus DP73 CCD digital camera (Olympus, Tokyo, Japan).

2.4. Statistical Analysis {#sec2.4}
-------------------------

Results are presented as mean ± standard deviation. Statistically significant differences between the right and left sides of the MBDPN in terms of the distance from LR3 and the length and diameter of the VBs were evaluated using the Mann--Whitney *U* test. Statistical analysis was completed using GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA). The level of statistical significance was set at *P* \< 0.05.

3. Results {#sec3}
==========

3.1. Dissection of the VBs {#sec3.1}
--------------------------

The deep peroneal nerve extended along the anterior tibial artery on the ulnar side and branched into medial and lateral branches. The DPA, which is a continuation of the anterior tibial artery after it crosses the ankle joint, ran over the dorsum of the foot and across the tarsal bones and then ran inferiorly into the first dorsal interosseous muscle, heading toward the plantar aspect of the foot, i.e., the DPA ran over LR3 in all specimens (100%). The VBs of the MBDPN were distributed in the DPA in all specimens (100%). The mean distance between LR3 and the point where the VBs reached the artery was 3.2 ± 2.6 mm (range, 0.0--9.1 mm). The mean length and diameter of the VBs were 6.3 ± 3.7 mm and 0.9 ± 0.3 mm, respectively. VBs in 3 of the 40 feet (7.5%) were distributed only at LR3 (VBs on LR3), VBs in 9 feet (22.5%) were distributed distal to LR3 (anterior VBs of LR3), and other VBs (70.0%) were distributed proximal to LR3 (posterior VBs of LR3) ([Figure 2](#fig2){ref-type="fig"}). The mean distances between the LR3 and the point where the VBs distal to the LR3 and proximal to the LR3 reached the artery were 1.8 ± 1.2 mm and 4.0 ± 2.6 mm, respectively. There was no significant difference in the variance between the right and left sides of the MBDPN in the distance from LR3 and the length and diameter of the VBs.

The VBs were distributed in the DPA in all specimens (100%). The mean distance from LR3 to the points where the VBs reached the DPA was 3.2 ± 2.6 mm (range, 0--9.1 mm). VBs in 3 of the 40 cadaver feet (7.5%) were distributed only at LR3 (VBs on LR3), VBs in 9 feet (22.5%) were distributed distal to LR3 (anterior VBs of LR3), and other VBs (70.0%) were distributed proximal to LR3 (posterior VBs of LR3).

In case 1, the *VBs were located directly on LR3 (VBs on LR3)*. The cadaver was that of a 94-year-old Japanese woman who died from senescence (Figures [3(a)](#fig3){ref-type="fig"}--[3(c)](#fig3){ref-type="fig"}). After the extensor hallucis brevis muscle was reversed, the MBDPN running along the DPA on the radial side was observed. The DPA gave rise to the arcuate artery and extended inferiorly into the first dorsal interosseous muscle. The MBDPN branched into VBs and a cutaneous branch, and the VBs were distributed at LR3. The length and diameter of the VBs were 9.71 and 0.98 mm, respectively.

The black arrowheads indicate the vascular branches (VBs), and orange arrows indicate acupuncture point LR3.

In case 2, the *VBs were distal to LR3 (anterior VBs of the LR3)*. The cadaver was that of an 81-year-old Japanese man who died of Hodgkin\'s disease (Figures [3(d)](#fig3){ref-type="fig"}--[3(f)](#fig3){ref-type="fig"}). After the extensor hallucis brevis and tendon of the extensor hallucis longus muscles were reversed, the MBDPN running along the DPA on the radial side was observed. After branching below the first dorsal interosseous muscle, the DPA gave rise to the first dorsal metatarsal artery, which ran distally on the first dorsal interosseous muscle. The MBDPN branched into VBs and a cutaneous branch, and the distal distance between LR3 and the point where the VBs reached the artery was 0.52 mm. The length and diameter of the VBs were 3.35 and 0.78 mm, respectively.

In case 3, the VBs were proximal to LR3 (posterior VBs *of LR3*). The cadaver was that of an 88-year-old Japanese woman who died of pancreatic cancer (Figures [3(g)](#fig3){ref-type="fig"}--[3(i)](#fig3){ref-type="fig"}). After the extensor hallucis brevis and tendon of the extensor hallucis longus muscle were reversed, the MBDPN running along the DPA on the radial side was observed. After giving rise to the arcuate artery, the DPA ran inferiorly into the first dorsal interosseous muscle and gave rise to the first dorsal metatarsal artery, which ran distally on the first dorsal interosseous muscle. The MBDPN branched into VBs and a cutaneous branch, and the proximal distance between LR3 and the point where the VBs reached the artery was 3.03 mm. The length and diameter of the VBs were 4.47 and 0.9 mm, respectively.

3.2. HE Staining and TH Immunostaining {#sec3.2}
--------------------------------------

The nerve fibers of the VBs coursed along the DPA (HE staining); the VBs ran increasingly closer to the DPA (Figures [4(a)](#fig4){ref-type="fig"}--[4(c)](#fig4){ref-type="fig"}). Moreover, sympathetic fibers were present in the VBs (TH immunostaining, Figures [5(a)](#fig5){ref-type="fig"}--[5(c)](#fig5){ref-type="fig"}).

4. Discussion {#sec4}
=============

Our findings first revealed that a part of the MBDPN reached the DPA and contained sympathetic fibers. Furthermore, we found that the distribution area of the VBs was limited at the acupuncture point LR3 (Taichong).

We previously showed that the distribution areas of parts of the cutaneous branches of the radial nerve, i.e., VBs, were limited at the radial artery \[[@B6]\]. By contrast, several studies have reported that VBs reach the femoral, popliteal, anterior tibial, posterior tibial, and peroneal arteries \[[@B9]--[@B13]\]. However, it was not clear whether the VBs of the cutaneous branch reached the DPA. In this study, the VBs of the MBDPN were distributed in the DPA in all specimens (100%, [Figure 2](#fig2){ref-type="fig"}), and the histological observation showed that they consisted of sympathetic fibers and were close to the DPA (Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). Therefore, the VBs of the MBDPN may regulate the blood flow of the DPA.

LR3 is in the Jueyin Liver Meridian of the Foot, a special acupuncture source point that has been used to relieve stress, headache, dizziness, and eyestrain. Stimulation of LR3 specifically activates areas in the brain \[[@B14]\], alters cerebral glucose metabolism in the hypothalamus \[[@B15]\], increases blood flow in the skin \[[@B16]\], and is used for treating peripheral circulatory failure in the foot, i.e., Raynaud\'s phenomenon \[[@B17], [@B18]\]. According to Omole et al., stimulation of LI4 improves pain severity, joint stiffness, and the color of the fingers and toes \[[@B19]\]. In the study of the positional relationship between the acupuncture points in the Yangming Large Intestine Meridian of the Hand and the VBs from the superficial branch of the radial nerve (cutaneous nerve), LI4 was significantly closer to the Yangming Large Intestine Meridian of Hand than the other acupuncture points \[[@B7]\]. In our study, the VBs of the MBDPN were distributed at the area close to LR3 (3.2 ± 2.6 mm) ([Figure 2](#fig2){ref-type="fig"}). Thus, stimulation of an area up to 3.2 ± 2.6 mm of LR3 may be effective for treating Raynaud\'s phenomenon. Among the VBs, 70% were distributed posterior to LR3 and their mean length was 7.1 ± 3.9 mm ([Figure 2](#fig2){ref-type="fig"}). Transcutaneous electrical nerve stimulation, which is a noninvasive peripheral stimulation technique, of an area up to 7.1 ± 3.9 mm proximal to LR3 may also be effective for treating Raynaud\'s phenomenon.

Periarterial sympathectomy, a surgical procedure in which the adventitia of the artery, where the VBs innervate is stripped off, is used for treating Raynaud\'s phenomenon. The procedure targets VBs \[[@B20], [@B21]\] and strips the adventitia to increase blood flow \[[@B22], [@B23]\]. In our previous report, we found that the distribution areas of the VBs of the superficial branch of the radial nerve were limited at the acupuncture point LI4 \[[@B7]\]. Therefore, we presumed that LI4 is a suitable site for stripping off the adventitia in periarterial sympathectomy and that its stimulation can improve Raynaud\'s phenomenon \[[@B7]\]. Meanwhile, other studies have shown that periarterial sympathectomy for the DPA can be used to treat Raynaud\'s phenomenon in the foot \[[@B24], [@B25]\]. In this study, we revealed that the distribution areas of the VBs of MBDPN were limited at the acupuncture point LR3, and there was no significant difference in the variance between the right and left sides of the MBDPN in terms of the distance from LR3. Our findings suggest that an area around LR3, measuring up to 3.2 ± 2.6 mm, could be a suitable site for periarterial sympathectomy in both feet.

LR3 and LI4 are source points, which are points in the body that react when one or more of the five viscera are affected; therefore, these acupuncture points are extensively used in the clinical setting \[[@B26]\]. These points are further divided into four points (left LR3, right LR3, left LI4, and right LI4), referred to as the "Four Gates" (Siguan points), which play a role in activating the energy flow by opening the four gates of vital energy \[27\]. Therefore, LR3 and LI4 have been considered as special anatomical sites.

5. Conclusion {#sec5}
=============

In conclusion, we determined that the acupuncture point of LR3, especially the proximal LR3, is close to the VBs of MBDPN; we also found that sympathetic fibers are present in the VBs of MBDPN.

Our findings provide anatomical evidence that the area of LR3 is a specific area and stimulation of LR3 can be used to treat peripheral circulatory failure.
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![Schematic of the acupuncture point LR3 (Taichong) and the dorsal pedis artery (DPA) on the dorsal side. The dorsal pedis artery (DPA) is a continuation of the anterior tibial artery (ATA) and runs along the dorsum of the foot until the 1st intermetatarsal space. The DPA gives rise to the arcuate, deep plantar, and first dorsal metatarsal arteries on the dorsum of the foot. LR3, acupuncture point "Taichong"; DPA, dorsal pedis artery; AA, arcuate artery; DA, deep planter artery; FDMA, first dorsal metatarsal artery. The black circle indicates acupuncture point LR3.](ECAM2020-6760958.001){#fig1}

![Vascular branches (VBs) of the deep peroneal nerve (MBDPN).](ECAM2020-6760958.002){#fig2}

![Dissection photographs showing the vascular branches (VBs) of the medial branch of the deep peroneal nerve (MBDPN). Dissection photographs showing the VBs of the MBDPN on the right side. Case 1 (a)--(c). (a) Dissection photograph of the radial side after removal of the skin and subcutaneous tissue. (b) Dissection photograph of the dorsal side after removal of the skin and subcutaneous tissue. (c) Enlarged dissection photograph of (b). Case 2 (d)--(f). (d) Dissection photograph of the dorsal side after removal of the skin and subcutaneous tissue. (e) Dissection photograph of the radial side after removal of the skin and subcutaneous tissue. (f) Enlarged dissection photograph of (e). Case 3 (g)--(i). (g) Dissection photograph of the dorsal side after removal of the skin and subcutaneous tissue. (h) Dissection photograph of the radial side after removal of the skin and subcutaneous tissue. (i) Enlarged dissection photograph of (h). MBDPN, the medial branch of deep peroneal nerve; DPA, the dorsal pedis artery; AA, the arcuate artery; FDMA, the first dorsal metatarsal artery; EDL, the tendon of the extensor digitorum longus muscle; EHB, the extensor hallucis brevis muscle; EHL, the tendon of the extensor hallucis longus muscle; TA, the tendon of the tibialis anterior muscle; P, proximal; D, distal.](ECAM2020-6760958.003){#fig3}

![Vascular branches (VBs) of the medial branch of the deep peroneal nerve (hematoxylin and eosin stain). (a) The nerve fibers of the VBs of the medial branch of the deep peroneal nerve seen close and extending to the dorsal pedis artery (DPA) and entering into the adventitia of the DPA (hematoxylin and eosin stain); scale bar indicates 500 *μ*m (×2/0.08 objective lens). (b) Enlarged photograph of the dotted rectangle in (a); scale bar indicates 200 *μ*m (×4/0.16 objective lens). (c) Enlarged photograph of the dotted rectangle in (b); scale bar indicates 100 *μ*m (×10/0.40 objective lens). ad, adventitia; I, intima; m, media; n, nerve fibers of the VBs.](ECAM2020-6760958.004){#fig4}

![Vascular branches (VBs) of the medial branch of the deep peroneal nerve (tyrosine hydroxylase immunohistochemistry). (a)--(c) Nerve fibers of the VBs adjacent to the dorsal pedis artery. Sympathetic fibers were present in the VBs. Brown dots are sympathetic fibers (tyrosine hydroxylase immunohistochemistry). (b) Enlarged photograph of the dotted rectangle in (a). (c) Enlarged photograph of the dotted rectangle in (b). Black arrowheads also indicate the sympathetic fibers. (d) Negative control shows the absence of tyrosine hydroxylase antibodies. n, nerve fibers of the VBs. (a) Scale bar indicates 500 *μ*m (×2/0.08 objective lens). (b) Scale bar indicates 200 *μ*m (×4/0.16 objective lens). (c) and (d) Scale bars indicate 50 *μ*m (×20/0.75 objective lens).](ECAM2020-6760958.005){#fig5}
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